By means of fluorescent flow cytometry and cell-based immunoenzyme assay, it is demonstrated that neuron-like cells of PC-12 cell line express a v b 3 integrin responsible for the binding of these cells to fibrinogen and D-, DD-, Å-fibrin fragments. Each cell possesses approximately
Introduction. Regeneration of damaged peripheral nerves from traumatic injury is critical for functional recovery of tissues and organs. The first response to tissue damage is activation of blood coagulation/fibrinolysis systems leading to a fibrin clot formation and its subsequent degradation with proteolityc enzymes released by surrounding cells. Initially, the clot serves as a temporary matrix for the cells migrating to the site of injury [1] . Fibrin degradation products and fibrin itself are biologically active substances, stimulating the process of nerve regeneration [2] . Fibrin glue was suggested for nerves reconstruction [3, 4] and stabilization during surgery [5] as well as the repository improving rate and quality of regenerative process [6] . Despite the growing body of practical knowledge, the molecular mechanisms underlying the effects of fibrin degradation products on neuronal cells remain unknown.
Previously we demonstrated that rat pheochromocytoma PC-12 cells, a well-characterized cell line resembling sympathetic neurons when grown in the presence of nerve growth factors [7] , stimulated the plasmin type of fibrin clot hydrolysis by secreting tissue plasminogen activator [8] . The resulting products of fibrin hydrolysis i.e. D-, DD-and Efragments influence the PC-12 cells viability due to the increase in their adhesive capacity [9] .
The aim of this paper is identification of cell surface receptors mediating the effects of D-, DD-and E-fibrin(ogen) fragments in PC-12 cells.
Materials and methods. ÐÑ-12 cells were a kind gift of Dr. L.Voitenko from Bogomoletz Institute of Physiology, Kyiv. Conditions of their culturing, as well as the procedures of fibrin purification and polymerization, have been described previously [8] . D-, DD-and Å-fibrin fragments were obtained according to [10] [11] .
The adhesion capacity of ÐÑ-12 cells was studied on non-adhesive plastic covered with the fibrin film, fibrinogen (10 mg/ml), gelatine (0,6 mg/ml), D-, DD-or Å-fibrin fragments (10 mg/ml). Protein solutions (40 ml per well) have been dried in the wells of 96-well bacteriological plates (Greiner, Germany) for 12 h at 37°Ñ, then the plates were washed three times with phosphate-buffered saline pH 7.4 (PBS). The cells were placed into the wells in the culture medium for 1.5 h and then were washed out by gentle pipetting. The number of cells which remained attached was calculated by the MTT assay [12] .
In some experiments, the cells were pre-incubated with the soluble DD-fragment for 30 min at 37°Ñ before attaching to the adsorbed fragment. To determine the role of RGD site in PC-12 cell binding to fibrin fragments the cells were attaching to adsorbed proteins in the presence of Arg-Gly-Asp-Ser peptide (Sigma, USA).
Binding of soluble fibrin fragments to PC-12 cells was studied directly by the cell-based immunoenzyme assay. The cells (5õ10 5 per sample) were incubated in Eppendorf tubes with fibrinogen or fibrin fragments either on ice or at 37°Ñ. After subsequent washing, the cells were treated for 1h either with rabbit fibrinogen-specific antibodies or D/E-fragment-specific antibodies, obtained by us previously. Endogenous peroxidase activity of the cells was blocked with 1% Í 2 Î 2 during 20 min, after that the cell-bound antibodies were revealed with peroxidase-conjugated goat anti-rabbit immuno globulins (Sigma, USA). Peroxidase of the bound conjugate was developed with the substrate solution containing 0.4 mg/ml o-phenylendiamine and 0.05% Í 2 Î 2 in 0.05 Ì ÊÍ 2 ÐÎ 4 , ðÍ 5.0. The reaction was stopped with 4 N H 2 SO 4 , the cells were pelleted by centrifugation, while the supernatants were transferred to the wells of the 96-well plate to be read by Microelisa Autoreader (Dynatech, Switzerland) at 490 nm.
In some experiments the cells were pre-incubated with the fibrin E-fragment in 1% BSA-containing PBS for 2h at 4 î Ñ. After two washings with PBS they were incubated with the D-fragment (10 mg/ml in BSA/PBS) for additional 30 min. The bound D-fragment was detected as described above.
The D-fragment was conjugated with fluorescein isothiocyanate (FITC) according to the procedure described in [13] for the investigation of the binding kinetics. The cell samples (0.86 x10 7 per ml) were treated with 50 ml D-FITC (0 -200 mg/ml) on ice during 30 min. In some experiments the cells were pre-incubated with the non-labeled D-or E-fragments (0 -100 mg/ml) for 60 min on ice and then washed twice with PBS. The fluorescence intensity of the cell-bound D-FITC was measured with MPF-4 spectrofluorimeter (Hitachi, Japan) using the excitation wavelength of 494 nm and the emission maximum at 520 nm. Kinetic analysis was performed using the following equation [14] : where N -Avogadro's number, Â -maximal saturating concentration upon D-FITC binding, Ñ -number of cells per ml [14] .
The presence of a v b 3 integrin on PC-12 cells was detected by fluorescence flow cytometry using biotinylated goat antibodies against the N-terminal part of rat a v integrin chain (sc-6617, Santa Cruz Biotechnology). The cells were incubated with the antibodies (0.05-1 mg IgG per 1õ10 6 cells) for 30 min at 4°Ñ either with or without the 20 min pre-incubation with 1 mg/ml of fibrinogen. The bound antibodies were revealed with Streptavidin-phycoerythrine conjugate (BD PharMingen™), the fluorescence at 575 íì was read by EPICS XL flow cytometer (Beckman Coulter).
All measurements have been made in triplicates. Statistical analysis has been performed according to the Student's t-test using OriginPro 7.5 software. The differences corresponding to p<0.05 (*), p<0.005 (**) and p<0.0005 (***) were considered significant.
Results and discussion. Initially, we studied the PC-12 cells interaction with fibrin clots in 96-well plates as previously described [8] . According to the microscopic analysis, PC-12 cells remained round, unattached and avoided any contact with the clot during the experiment. Moreover, cells demonstrated relatively weak adhesion to the wells coated with fibrin although displayed strong adhesion to other coating agents, such as fibrinogen, fibrin fragments or gelatin, as well as to tissue culture plastic ( fig.1, a) . These data suggested that PC-12 cells express a wide spectrum of adhesion molecules including receptors to collagen (gelatin), vitronectin (which may adsorb to tissue culture plastic from the serum supplementing the culture medium) and fibrinogen, but not to fibrin. It is also possible that fibrinogen regions responsible for the receptor binding became less accessible after the fibrin clot formation, since high molecular weight fibrin degradation products displayed the receptor binding sites.
Pretreatment of PC-12 cells with soluble DD-fragment for 30 min increased their adhesion to the wells coated with DD-fragment as revealed by cell-based immunoenzyme assay ( fig. 1,b) . Similar effect was observed after the cells' pretreatment with soluble E-fragment, as demonstrated by the binding with both adsorbed D-fragment in immunoenzyme assay and soluble D-FITC in fluorescent spectroscopy (data not shown). These data indicated that binding of either D-or E-fragment triggers the corresponding receptor up-regulation and suggested that D-and Efragments are ligands of the same type of receptor.
As demonstrated by cell-based immunoenzyme assay, binding of D-/E-fragments to PC-12 cells evinced a saturation tendency at 4 o C. In contrast, at 37 o C, the increase in the fragments binding observed during the first 150 min was followed by the sharp decrease and slow recovery ( fig.2) . These results suggested that the receptors specific to fibrin fragments are internalized upon the ligand binding and then recycle to the membrane under physiological conditions.
Application of secondary antibody prevented the kinetic analysis of the receptors binding. Therefore, further studies were performed with the FITC-labeled D-fragment using fluorescent spectroscopy. We found that each PC-12 cell carried approximately 1x10 The calculated Hill coefficient equaled to 0.698 (< 1) indicating the ratio of receptor-ligand binding to be 1:1. Cell interactions with both extracellular matrix and blood coagulation proteins are being mediated by adhesion receptors called integrins. Many integrins recognize their ligands through the RGD binding site (the Arg-Gly-Asp sequence [15] ). In our experiments, binding of PC-12 cells to fibrinogen and D-/E-fragments decreased in the presence of RGD-containing peptide ( fig.3, a) . High receptor density on the cell surface (1x106 per cell) corresponded to known characteristics of integrins [16] [17] including the level of their affinity and up-regulation after ligand binding. RGD-dependent adhesion molecules able to bind fibrinogen are integrins a v b 3 , a 5 b 1 and a IIb b 3 [18, 19] . Integrin a IIb b 3 is expressed on cells affiliated to the megakaryocytic lineage and on haemopoietic progenitor cells [20] . Integrin a 5 b 1 preferably binds collagen and fibronectin. Therefore, we considered integrin a v b 3 as a probable target for the binding of fibrinogen and its fragments on PC-12 cells. The presence of this integrin was clearly demonstrated by flow cytometry technique. Antibodies against a v chain bound PC-12 cells dose-dependently and the binding was diminished upon pre-incubation with fibrinogen ( fig.3, b) . This result is in agreement with literature data regarding PC-12 and other neuronal cells [21, 22] .
Integrin a v b 3 can specifically bind fibrinogen through RGD-containing sequences Aa 572-574 and Aa 95-97, previously indentified in the a chain of the C-terminal domain, as well as through RGD-dependent sites 190-202 and 346-358 in the g-chain of the Ddomain [18] . PC-12 cells interacted with bovine fibrinogen and Õ 1 -and Õ 2 -fragments of human fibrinogen lacking 572-574 sequence ( fig.1, a) . The site Aa 95-97 is lost after the cleavage of fibrin(ogen) by plasmin [23] . According to our data, PC-12 cells interacted with fibrinogen, D-, DD-and E-fragments in a similar way. Moreover, interaction of cells with the one fragment potentiated binding the others. E-fragment were reported. Our data suggest the presence of an additional RGD-binding site in the E-fragment. This site seems to be of lower affinity than the known sites on D(DD)-fragments, since PC-12 cells are attached to the E-fragment weaker than to the D-fragment ( fig. 1, a) . Our results are in agreement with those of Kodama et al [24] who showed that RGD-dependent migration of vascular smooth muscle cells into fibrin gels was blocked by both fibrin(ogen) D/E-fragments and corresponding antibodies.
Unlike soluble DD-, D-and E-fragments [9] , those adsorbed to the plastic surface promoted proliferation of PC-12 cells (fig.4) . It is quite possible that, under physiological conditions, the biological effects are exerted by the fibrin degradation products immobilized on surrounding tissues rather than by the soluble ones.
Overall, the data obtained suggest that the main fibrin(ogen) degradation products, i.e. DD-, D-and Efragments, stimulate adhesive and proliferative potential of neuronal cells through binding to integrin a v b 3 receptors. This finding contributes to the understanding of positive effects of both fibrin clots (under natural condition) and fibrin glues (under surgery) on nerve regeneration. 
